The high-temperature methanation of CO is an important reaction in the processes used to produce substitute natural gas, while the Ni-based catalysts prepared using the conventional impregnation method tend to deactivate under high-temperature reaction conditions. This paper describes the design and assembly of ordered mesoporous alumina (OMA) using highly disperse ~5 nm nickel nanoparticles (Ni NPs), via a one-pot, evaporation-induced self-assembly (EISA) method. Small-angle X-ray diffraction (XRD), transmission electron microscope (TEM), and N2 adsorption and desorption results revealed that this catalytic material had highly ordered mesopores, which were retained even after long-term stability tests. The catalyst exhibited excellent sintering-resistant and anti-coking properties in high-temperature CO methanation reactions (60% CO conversion after 50 hours of accelerated deactivation at 700°C). The improved catalytic performance was attributed to the matrix of the OMA, which effectively improved the dispersion of the nickel particles, and prevented the Ni NPs from sintering, via a particle migration and coalescence mechanism. The Ni-OMA catalyst demonstrated here shows promise for high-temperature methanation.
The production of substitute natural gas (SNG) from coal and biomass is significant in areas such as China and India where the available quantity of domestic natural gas cannot meet the enormous demand [1] . SNG is typically produced via the gasification of feedstock and CO methanation reaction. In industry, the CO methanation is typically performed in an adiabatic fixed-bed reactor. However, the reaction is highly exothermic (ΔH 298 K = 206.1 kJ mol −1 ), and the hotspot tend to form in the catalyst bed; the methanation catalyst can be deactivated at such high reaction temperature (typically above 550°C) [2] . Industrial high-temperature methanation processes favor more energy-efficient designs. For example, in Topsøe's recycle energy-efficient methanation process (TREMP), the exit temperature at the point after the first methanation reactor is approximately 650-700°C [3] . Practical methanation 1 Key Laboratory for Green Chemical Technology of Ministry of Education, School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072, China 2 Collaborative Innovation Center of Chemical Science and Engineering, Tianjin 300072, China * Corresponding author (email: jlgong@tju.edu.cn) catalysts therefore need to be resistant to both sintering and coking at high temperature [4] .
As a result of their low cost and relatively high activity, Ni-based catalysts have been widely applied in large-scale industrial methanation processes [3, 4] . The size of the Ni nanoparticles (NPs) is intimately related to the performance of the catalysts. Ni NPs, which have a small crystal size, not only have a high surface-to-volume ratio, but also show an improved resistance to coke formation [5, 6] . However, Ni NPs tend to grow larger through particle migration and coalescence as a result of their low Tammann temperature (590°C), especially under the long-term application of extreme reaction conditions (e.g., temperature > 600°C) [7] . The suppression of the sintering of Ni NPs via rational design is critical to the improvement of the performance of Ni-based catalysts. Much effort has been dedicated to tackling this matter, and materials with well-defined, ordered mesopores can confine metal NPs to maintain a relatively high degree of dispersion, and increase the high-temperature stability of the NPs [8] [9] [10] .
Nanoscale metal particles of traditional, supported catalyst materials, which were prepared via conventional impregnation, were dispersed on the surface of a bulk matrix composite consisting of substrate oxide particles (Scheme 1a). The metal particles grew, and sintered gradually, under the high-temperature conditions. It was shown previously that Ni/Al 2 O 3 catalysts prepared via the conventional impregnation method lost catalytic activity for methanation under industrial, high-temperature operating conditions [11] . Here, ordered mesoporous alumina (OMA)-supported nickel oxide was obtained using a modified one-pot method. Upon reduction, the Ni NPs were highly dispersed and stabilized in the pore channels of the OMA (Scheme 1b) [12] [13] [14] . We applied a Ni-OMA catalyst in a CO methanation reaction, and tested the stability of the catalysts in long-term high-temperature stability tests.
Two catalysts were synthesized with the nickel loading © Science China Press and Springer-Verlag Berlin Heidelberg 2015 LETTERS SCIENCE CHINA Materials fixed at ca. 10 wt%. The Ni-OMA catalyst was prepared via a modified one-pot evaporation-induced self-assembly (EISA) method [15, 16] . In a typical synthesis procedure, ~2.0 g of (EO) 20 3 was dissolved in another 10.0 mL of anhydrous ethanol under vigorous stirring. Subsequently, the two solutions were mixed, and stirred for at least 6 h. Finally, the solution was placed in a drying oven, and subjected to the EISA process at 60°C for at least 48 h. A green solid xerogel was obtained after the EISA process. The removal of the organic template contained within the pores is an important step in the synthesis of ordered mesoporous materials. Calcination in air is the most popular and versatile technique used to achieve this. However, significant lattice shrinkage often takes place in ordered mesoporous materials at high temperatures [17] . Here, a thermogravimetric analysis (TGA) of the as-prepared catalysts was carried out in air, after the EISA process; three peaks (at 150, 210, and 320°C) were present in the differential thermal gravity (DTG) curve. Following a consideration of the TGA results, we used a four-stage calcination method: first, the gel was calcined using a 2°C min −1 ramping rate, until the temperature reached 150°C; the temperature was then maintained for 2 h; then the temperature was increased to 210°C using a ramping rate of 2°C min −1 , and the temperature was maintained at 210°C for 4 h; next, the temperature was increased to 320°C using a ramping rate of 2°C min −1 , and the temperature was maintained at 320°C for 2 h; finally, the temperature was increased to 700°C using a ramping rate of 1°C min −1 , and the temperature was maintained at 700°C for 4 h, to enhance the high-temperature stability of the material. It was anticipated that, as a result of this treatment method, the Ni-OMA catalysts would maintain their ordered mesoporous structure under the long-term application of high reaction temperature. To provide a comparison, a supported Ni/Al 2 O 3 catalyst was synthesized using the conventional impregnation method. Both catalysts were reduced in situ in a mixed flow of H 2 and N 2 (H 2 : 10 mL min −1 , N 2 : 20 mL min −1
) at 700°C for 2 h. Prior to the catalytic activity tests, the catalysts were purged with N 2 (100 mL min −1 ) for half an hour, to remove the adsorbed hydrogen.
The morphological properties of the as-synthesized Ni-based catalysts were obtained by measuring the N 2 adsorption/desorption at −196°C (Fig. 1a and Table 1 ). The isotherms for the as-prepared Ni-OMA materials showed a type IV curve with an H1-shaped hysteresis loop, indicating that the catalysts had a cylindrical channel. As a result of the high-temperature calcination, the Brunauer-Emmett-Teller (BET) surface areas of the Ni-OMA and Ni/ Al 2 O 3 were less than 200 m 2 g −1 . The pore size distributions for the Ni-OMA and OMA were similar, and the peaks in the curves were located in the range of 5-7 nm (Fig. 1b) . As shown in Fig. 2a , the small-angle X-ray diffraction (XRD) patterns for the Ni-OMA showed strong (100) and (110) peaks associated with the P6mm symmetry; this provided evidence of the hexagonally ordered nature of the mesoporous structure. Fig. 2b shows the wide-angle XRD patterns for the as-prepared and reduced catalysts. The wide-angle XRD patterns for the as-prepared catalysts showed no apparent NiO diffraction peaks, demonstrating the high level of dispersion of the NiO in the OMA framework. For the reduced catalysts, the metallic Ni (200) Scheme 1 Schematic illustration of (a) supported metal catalyst prepared using a conventional impregnation method, and (b) ordered mesoporous material-supported metal catalyst.
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dicating that the Ni-OMA had a smaller average Ni particle size. The sizes of the metallic Ni particles in the Ni-OMA and Ni/Al 2 O 3 (which was calculated for each material from the broadening of the Ni (200) peak, using the Scherrer equation) were approximately 5.7 and 9.3 nm, respectiv ely.
The transmission electron microscope (TEM) images illustrate the morphologies of the reduced Ni-OMA (Fig.  3a) , and Ni/Al 2 O 3 (Fig. 3d) . For Ni-OMA, the Ni NPs were uniformly dispersed inside the ordered mesoporous channels. In addition, the Ni NPs were isolated from each other, and the active sites of the metallic Ni NPs were fully exposed. The particle size distribution histogram shows that the Ni-OMA had a narrow size distribution, from 2.6 to 7.1 nm. The average Ni particle sizes were 5.1 and 10.8 nm for the Ni-OMA and Ni/Al 2 O 3 , respectively, which was in line with the XRD results. To allow a quantitative analysis of the metal dispersion, H 2 -TPD (temperature programmed desorption) experiments were also performed (Table 1 ). These results showed that the Ni-OMA catalyst had a smaller Ni particle size and a larger exposed Ni surface area, whcih were likely responsible for the higher activity in the CO methanation. The surface interaction between the NiO and Al 2 O 3 in the catalysts was evaluated in H 2 -TPR (temperature programmed reduction) experiments. No reduction peak was observed around 400°C for either Ni-OMA or Ni/Al 2 O 3 , implying the absence of dissociated bulk NiO species. Only one reduction peak was observed, at approximately 650°C; this peak was assigned to the reduction of NiO which was interacted strongly with the support [18] . The real nickel loadings of the catalysts were determined using inductively coupled plasma optical emission spectroscopy (ICP-OES). The nickel loadings for Ni-OMA and Ni/Al 2 O 3 were 10.0 wt% and 9.8 wt%, respectively. The results indicated that the nickel loading values for these two catalysts were very similar.
Both catalysts were tested in methanation reaction performed from 300 to 500°C (N 2 : H 2 : CO = 6 : 3 : 1, 1 bar, GHSV = 60,000 mL g −1 h −1 ). As a reference, the CO thermodynamic equilibrium conversion in this temperature range was also given in Fig. 4a [19] . As expected, the Ni-OMA catalysts showed higher CO conversion and CH 4 yield values in the range of 300-500°C (Fig. 4a) . The superior catalytic activity of the Ni-OMA was attributed to the smaller and more uniformly dispersed Ni NPs, which had a higher number of active sites exposed to the reactant gases. To avoid extremely lengthy stability tests, the stability tests on the nickel catalysts were performed using an accelerated deactivation process under high temperature [20] . The methanation reaction was first conducted at 400°C for 2 h, and then at 700°C for 50 h, and then at 400°C for another 2 h. The rate and composition of the feed gas were kept constant during the test. As shown in Fig. 4b , the CO conversion values for the two catalysts were close to the equilibrium limit at 700°C. However, there was an obvious difference in the second run at 400°C. The Ni/Al 2 O 3 catalyst lost almost 30% of its initial activity (the activity dropped to 40%), clearly indicating that the catalyst was deactivated under the harsh reaction conditions. In contrast, the CO conversion performance of the Ni-OMA showed no drastic change after 50 h of accelerated deactivation; the activity decreased only slightly to 60%, illustrating the superior durability of the Ni-OMA catalyst under high temperature.
To explain the superior stability of the Ni-OMA, the spent catalysts (after the stability tests) were characterized using N 2 physisorption, XRD, TEM, and TGA. The isotherms for the spent Ni-OMA (Fig. 1a) retained a type IV curve, with H1-shaped hysteresis loop. The pore size distri- (Fig. 1b) was also similar to that for the as-prepared Ni-OMA. The low-angle XRD patterns (Fig. 2a) showed diffraction peaks attributed to (100) and (110) plane reflections, which provided evidence of the ordered mesoporous structure. The ordered mesoporous structure could also be seen clearly in the TEM images of the spent Ni-OMA (Fig. 3b) . These results demonstrated that the Ni-OMA retained its ordered mesoporous structure after the long-term stability tests performed under harsh conditions.
The Ni particle size for the spent Ni-OMA (calculated from the wide-angle XRD patterns) was approximately 6.1 nm, slightly larger than the particle size for the reduced Ni-OMA (Fig. 2b) . The nickel particle size was 12.1 nm for the Ni/Al 2 O 3 , according to the wide-angle XRD patterns. TEM images of the spent Ni-OMA (Fig. 3b) showed that the good dispersion of the Ni NPs was maintained, with an average Ni particle size of 5.6 nm after the stability tests. The average Ni particle size for the spent Ni-OMA was only slightly larger than that for the reduced Ni-OMA, in accordance with the results calculated from the XRD patterns. For comparison, the Ni particle size for the Ni/Al 2 O 3 increased from 10.8 to 12.3 nm, according to the TEM images (Figs 3d and e) . Some sintered Ni particles were observed in the TEM images for the spent Ni/Al 2 O 3 . The growth of the Ni particles resulted in a reduction in the Ni surface area, and hence a decrease in the catalytic activity. An HRTEM image of the Ni-OMA taken after the stability tests (Fig. 3c) showed an Ni particle that was confined by a wall of OMA, and that had retained a size of approximately 5 nm, even after 50 h of the high-temperature reaction. As a result of the confinement imposed by the OMA, the Ni NPs retained their small size and high surface-to-volume ratio during the long-term, high-temperature stability tests, and showed improved catalytic activity after the accelerated deactivation process.
Graphitic carbon is a hard-oxidizing carbon species, and has a strong negative effect on catalytic activity [21] . Graphitic carbon peaks were clearly observed in the wide-angle XRD patterns for the spent Ni/Al 2 O 3 (Fig. 2b) . The intensity of the graphitic carbon peaks for the spent Ni-OMA was much lower. The results from the XRD patterns were in accordance with those from the TG curves (Fig. 5) . The total weight loss from the Ni/Al 2 O 3 was approximately 5%, and the weight loss above 500°C, which corresponded to the graphitic carbon, was almost 2%. In comparison, the total weight loss from the spent Ni-OMA was not significant, and the weight loss above 400°C was less than 1%. The anti-coking properties of the Ni-OMA were attributed to its smaller Ni NPs, which were stabilized by the OMA matrix, and had a better resistance to the formation of deposited carbon [12] .
In summary, we synthesized Ni-OMA catalysts with an ordered mesoporous structure using a modified EISA method, and the catalysts exhibited high stability for the methanation of CO. As a result of the confinement imposed by the catalyst, the introduction of the Ni NPs into the ordered alumina mesopores effect ively improved the dispersion of the nickel metal, and prevented the Ni NPs from 
